Predicted radial steel velocity at the surface at different steel heights during the mold filling. Data are given for the reference case and the three cases with swirl blade at 250, 500 and 750 mm distance to the inlet, for the velocity of 1 m/s. The radial velocity for the flared inlet is also shown.
Introduction
One of the most critical stages for the final steel quality during the steel production process is casting the steel. Though the steel solidifies it is difficult to refine it further and it is expensive to compensate for mistakes during the casting. In addition, there are many different factors that have major impact on the steel quality, for example the cooling of the steel ingot and the expose to oxygen. One mayor concern for the final steel quality is the entrapment of inclusions into the steel. The inclusions have many different origins. In ingot casting, one of the sources is the mold powder, which is placed on the surface of the molten steel in the mold.
1) The mold powder has important purposes, though it protects the steel from contact with oxygen and decrease the heat loss from the surface. However, it may also be dragged down into the steel if there are a lot of movements on the steel meniscus. Based on physical 2) modeling Eriksson et al. has shown that the highest velocity occur during the initial filling of the ingot. However, in another paper the same research group suggested that the initial filling velocities could be decreased by modifying the nozzle design by increasing the inlet angle. 3) From physical modeling and computational model studies of the filling of water into a mold it has been seen that the movements on the meniscus may be decreased by using swirl and a diverged nozzle. 4, 5) More specifically, the use of a swirl blade was found to decrease the maximum velocity in the runner by rectifying the unevenness in the flow and allowing an increase of the cross section area of the inlet to the mold. 4) The result shows that the flow into the vessel is directed outward in radial directed along the bottom, instead of upward, and though decreases the upward directed flow. The mayor difference between the conventional case and the design with swirl blade and diverged inlet is that the flow is much calmer in the whole vessel.
5) It should be noted that in these studies the swirl blade has been mounted in the vertical direction.
Before the swirl technology was used in ingot casting it was used in continuous casting. In the latter, it is well known that the flow pattern in the mould has a key effect on final products. The flow pattern, in turn, is highly influenced by the feeding of steel into the mould. One way of changing the flow in the nozzle is to cause a swirl flow created by a swirl blade. This swirl flow phenomena have extensively been studied by Yokoya and co-workers. [6] [7] [8] [9] [10] [11] [12] Their results have shown that swirl flow helps to control the flow pattern in the mould. Furthermore, that the use of swirl flow in the immersion nozzle enhances the heat and mass transfer in the mould, which in turn helps the superheat in the melt to dissipate.
So far the use of a swirl blade in ingot casting in production has not been reported in the open literature. In this study, our first trials to test this novel technique are reported on. The strategy in the research was to first test if it was possible to place a swirl blade in the runner channel with- Plant trials were carried out to test if it would be possible to place a ceramic swirl blade in the runner channel during filling of ingots. The initial experiments showed that no production disturbances were found. More specifically, no problems with unusual refractory wear or cracks in the refractory were found. Thus, it was concluded that the use of swirl blade has a potential in the future to be used to influence the initial filling conditions. Also, mathematical modeling was done in order to illustrate how it was possible to improve the layout of the runner system in order to increase the potential for use of swirl for the current plant conditions. The results showed that the meniscus was not dampened as much when the swirl blade is positioned in a horizontal direction in the runner channel compared to the results of a previous physical modeling study where the swirl blade was placed in a vertical direction just before the steel entered the mold. However, if a horizontally positioned swirl blade is used in combination with an inlet with an angle of 15 degrees the hump height at the initial filling stage can be lowered from 100 to 58 mm compared to a case without a swirl blade. This illustrates the potential to apply mold powder closer to the bottom, without risking reoxidation due to reactions with steel and mold powder.
A First Attempt to Implement a Swirl Blade in Production of Ingots
KEY WORDS: swirl; ingot; casting; modeling; plant trials. out causing any production problems. Then, based on mathematical modeling to study how different placements of the swirl blade in the runner channel would affect the initial filling of the mold. Here, it should be noted that due to the practical constraints it was not possible to place a swirl blade vertically in the runner channel, as suggested in our initial work. 5) In the first part of the paper, the details of the plant trials are described and a summary of the mathematical model of filling of steel into a production ingot is given. Thereafter, the results are presented and discussed.
Plant Trials
Three plant trials were carried out at Ovako Steel plant in Hofors to test if a ceramic swirl blade could be inserted in the runner channels under production conditions.
Plant Description
Ovako Bar is a scrap-based steel plant located in Hofors, Sweden. The heat weight is 100 t and all steel is cast as ingots. The scrap is melted in an electric arc furnace, during foaming-slag conditions. Thereafter, pre-deoxidation is done during tapping into the ladle. The EAF-slag is removed at the slag raking station before arrival to the ASEA-SKF ladle station. During the first part of the ladle treatment, a new synthetic slag is added and melted, Then, a final deoxidation is done by addition of aluminium wire to lower the dissolved oxygen content. Addition of alloying elements is also carried out. Thereafter, vacuum degassing using combined gas and induction stirring of the steel is made in order to remove hydrogen, sulphur and inclusions. After vacuum treatment, the ladle is also stirred for a short time in order to promote the separation of inclusions. Finally, the steel is cast into 4.2 t ingots using uphill casting.
Experimental Work
The previous physical modeling studies have suggested that a swirl blade should be mounted in the vertical part of the runner channel close to the mold. 5) However, the geometries of the ingot casting system at Ovako Steel do not allow a swirl blade to be inserted in the vertical direction. Instead, a swirl blade was inserted in the horizontal part of the runner as is illustrated in Fig. 1 . To prevent the swirl blade to move in runner the stone was tapered with a decreasing angle in the direction of the flow in the runner. The swirl blade had the same tapering and it was fixed by friction. The swirl blades were all placed with the first edge vertical and is then twisted counter clockwise. The design of the swirl blade and the runner may be seen in Fig. 2 .
The steel examined was bearing steel grades of the Ovako 800 series containing 1 % C and 1.4 % Cr. The steel was filled into three sets of mold with eight molds in each set. The swirl blade was placed in the second casting plan at the opposite position of the trumpet for the first two trials, see Fig. 1 (a), and at one side during the last trial as in Fig.  1(b) . The mold powder was hung 30 cm over the inlet in the mold in paper bags, which open when the paper bag burn up and let out the powder.
Mathematical Modeling
A mathematical model of a full scale copy of the runner and lower part of the mold that is used at Ovako Bar was created. The main dimensions are given in Fig. 2 . The aim of the mathematical modeling was to study the influence of the position of the swirl blade and the inlet velocity on the surface shape and velocity distribution at the mold inlet. The mathematical model including assumptions, governing transport and turbulence equations and boundary conditions has been described in detail in a previous publication. 5) Below, a summary of the most important part of the model, relevant for filling of steel into an ingot mold, are given.
As mentioned earlier the main dimensions of the mold, runner and reference inlet are seen in Fig. 2 . More specifically, it shows a mold with a width of 300 mm at the bottom of the mold and a width of 500 mm at the mold top. Furthermore, the diameter of the horizontal runner is 45 mm, except where the swirl blade is placed. The swirl blade is places in a slightly tapered runner where the diameter decreases from 45 to 40 mm over 200 mm long part of the runner. The dimension of the swirl blade is: lengthϭ45 mm, diameterϭ41-43 mm, and twist angleϭ60°.
The media has been assumed to be an incompressible Newtonian fluid with constant molecular viscosity. The effects of temperature and chemical reactions have been neglected. In addition, the flow was simulated in a three dimensional domain, where the x-, y-and z-velocity were solved in a transient solution mode for the parameter study and in steady state for the study of inlet design. The turbulence model used was k-e realizable.
The boundary conditions at the wall were set to no slip and the turbulence quantities k and e were calculated from the assumption that the turbulent flow was fully developed. The flow at the wall was described with a logarithmic wall function. The features of the inlet were set to velocity inlet. The boundary condition on the upper part of the vessel was set to a pressure outlet. The parameter study of the velocity contained the four different velocities between 0.5-1.25 m/s. For the parameter study of the position of the swirl blade the velocity was set to 1 m/s.
The density of steel melt was set to 7 014 kg/m 3 and the viscosity was set to 0.006 N s/m 2 .
13)
The theoretical study was carried out with the commercial CFD, computational fluid dynamics, code Fluent, 14) where the grid has been done in GAMBIT.
15) The number of cells was 100 000 for the reference case without a swirl blade and 130 000 for the model with a swirl blade. The mesh is illustrated in Fig. 3 . At typical transient simulation took 4 to 7 d on an OS Win XP, Core 2 Duo E6600 computer.
Result and Discussion

Plant Trials
As mentioned earlier, a swirl blade was inserted in the horizontal part of the runner as is illustrated in Fig. 1 and Fig. 2 . Three plant trials were done under normal operational conditions. During all three trials the steel melt flew through the swirl blade without any difficulties. After casting and cooling, the runner channels were dismounted for further inspection. Thus, the runner channels including the solidified steel and the swirl blade could be visually inspected. Here, no signs of clogging could be observed, as could have been a risk. Furthermore, no unusual erosion of the runner stones in comparison to a reference case, when no swirl blade was used, could be seen. The area after the swirl blade was studied more in detail, since it is believed that the swirl blade will cause the steel flow to be directed towards the runner channel mold. This in turn could have the potential to increase the refractory wear. However, it could not be detected by visual inspection or by measuring with a ruler. In addition, it should be mentioned that the swirl blades kept their original shape at the end of casting.
The molds with swirl blades took a little longer to fill compared to the reference molds. Thus, the operators decreased the outlet flow close to the end of the filling in order to adjust the surface levels in the experimental and © 2010 ISIJ reference molds. As a consequence, the steel surfaces were at the same level only after a short moment before the filling was completed. In order to study the surface during filling, a camera was used to monitor the surface development during one of the experiments. From previous modeling studies 5) it was seen that a large hump can be found during normal ingot filling, but in the case of using a swirl blade the hump height is smaller. This results in a higher fluid flow for the reference case, which most likely result in a more intense interaction with the mold powder as well as more spreading of the powder. The spreading of the powder is good, but the interaction may lead to reoxidation by strong deoxidizers such as aluminum in the steel reacting with FeO present in the mold powder. Thus, these initial trials indicate that it is possible to decrease the hump height when using the swirl technology. However, as shown in Fig. 4 the less intense fluid flow at the surface also results in less spread of the mold powder on the surface. This is beneficial due to that the reactions between the mold flux and steel may be decreased. On the other hand an uneven spread of the mold flux leads to an increased heat loss from the steel surface. Thus, it is necessary to carry out more extensive plant trials in the future to study how the mold powder addition can be modified when a swirl blade is used. These trials also indicated that the mold flux consumption was lower when using a swirl blade, but this will also need to be studied further in future plant trials.
Theoretical Study of Swirl Blade Placement
Previous work by the authors was done to simulate filling of water into a mold. 4, 5) When the steel melt enters the ingot a hump is built up on the meniscus over the inlet due to the flow from the inlet. For the reference case the characteristic look of the hump can be seen in Fig. 5 . In the figure it is also shown how the hump is evaluated. More specifically, the height of the hump is determined as a function of the surface height, as it rises in the mold.
A parameter study of the filling conditions of an ingot in an up-hill teeming system has been carried out. The effect of different velocities in the steel and the positioning of the swirl blade were studied. For the reference model a parameter study of the velocity was made, where the velocity at the inlet was set to; 0. represents the distance between the surface and the maximum height of the hump. The tendency is, as can be expected, that the higher velocity at the entrance the higher hump in the mold. The maximum hump height is 120 mm for the 1.25 m/s velocity, which is four times larger than the hump height 30 mm representing a 0.5 m/s velocity.
Comparison of Hump Height of Reference with
Swirl Blade The effect of the swirl blade was compared with a reference case when no swirl blade is used. The velocity at the entrance was set to 1 m/s. A parameter study of the effect of the distance from the inlet and the swirl blade was also made. Three different positions was studied; 250, 500 and 750 mm from the inlet, as can be seen in Fig. 2. In Fig. 7 , the data for a swirl blade position of 250 mm from the mold inlet is shown. It can be seen that for the majority of the surface heights the hump height is lower for the case when a swirl blade is used compared to the reference case. More specifically, it is up to 11 mm lower than for the reference case. Similarly, in Fig. 8 the hump height is plotted versus the surface height for the case when a swirl blade is positioned 500 mm from the inlet. For the majority of the surface heights the hump height is up to 26 mm lower for the case with swirl compared to the case without swirl. Finally, in Fig. 9 the data for a swirl blade positioned 750 mm from the mold inlet are compared to the data from the reference case. For the majority of the surface heights the hump heights are up to 15 mm lower when using swirl compared to the reference case.
These comparisons show that the reference case has a tendency to be highest when the surface is low or almost zero and then decrease steadily to a low hump height. The cases with the swirl blades do differ some at the beginning of the filling, when the surface is 0 to 25 mm high, as it increase a little above the reference case. The development of the hump height for the cases with a swirl blade then decrease to a level slightly below the data for the reference case. The diagrams also show that the highest hump height is lower for the case (ϳ10-20 %) with the swirl blade (70 mm at the inlet) compared to the case without a swirl blade (95 mm at the inlet). Based on the data in Figs. 7 to 9 it seems like the positioning of the swirl blade is of less importance. However, the use of a swirl blade is beneficial in comparison when not using a swirl blade in lowering the hump height.
Flared Inlet
The cases with swirl blade shown in the parameter study of the position of the swirl blade have an inlet widen six degrees. This is now compared with a flared inlet to 15 degree. The position of the swirl blade is 750 mm from the inlet and the velocity is 1 m/s. The result of the simulation is shown in Fig. 10 . As can be seen, the hump height is up to 28 mm lower for the flared case with a swirl blade in comparison to the reference case. The diagram does also indicate that the movement of the hump in the vertical di-© 2010 ISIJ rection takes place, as the height differs a lot during the filling. The general tendency of the hump behavior, except from what can be seen in the diagram, is also that it is closer to its closest mold wall. Overall, the hump height is roughly the same for most surface heights for the comparable case presented in Fig. 9 for a six degree inlet angle. However, the major difference in using a 15 degree inlet angle compared to a six degree inlet angle is that the initial hump height is lower. For the case with a six degree angle the hump height at the inlet is 84 mm, but for the case with a 15 degree inlet angle it is 58 mm. Both these values are lower than for the reference case where the initial hump height is close to 100 mm. Overall, these results indicate that it is beneficial to use a flared inlet in order to decrease the hump height. This is in agreement with Eriksson et al. 3) who also showed that an increased inlet angle led to a decreased hump height. However, is should be stressed that for the current conditions when the swirl blade is placed in a horizontal position, the hump height decrease is to a large extent to the wider inlet angle but also due to the effect of the swirl blade. However, as has been shown in previous modeling studies, 5) a vertical positioning of a swirl blade has a larger potential to decrease the hump height. Furthermore, this decrease is more substantial when the swirl blade is combined with a widened inlet angle.
It should also be pointed out that from a production point-of-view it is important to lower the initial hump height as well as the initial turbulence in order to be able to add the mold powder as early as possible during the initial mold filling. Today, mold powder bags are typically hung 100-200 mm above the mold bottom. If this position could be lowered the chances for reoxidation could be lowered. Here, it should be noted that Eriksson et al. 1) carried out some test without the use of mold powder during the filling of a mold during production of an aluminium-killed bearing steel grade, in order to determine the influence of the reoxidation during the filling of an ingot. 8) More specifically, it was shown that a large number of new types of inclusions containing MnO were created along with more alumina inclusions during the short filling time of the ingot. It should be noted that the mold powder was added when the ingot was filled. The point is that reoxidation by air will lead to the creation of more and new types of inclusions. The implementation of a swirl blade in the vertical part of the runner system in combination of with a large inlet angle will facilitate the possibilities of adding mold powder closer to the bottom. Thereby, the reoxidation from the atmosphere will be decreased and the reoxidation by the mold flux will be decreased.
Velocity Magnitude
Contour plots of the velocity magnetude has been determined over planes perpendicular to the horizontal runner for a case with an inlet velocity of 1 m/s. The contour plots can be seen in Fig. 11 for a case where the swirl blade is located 250 mm from the inlet. Generally, it can be seen that the flow in the mold with swirl blade is slightly asymmetric in comparison to the reference case. Also, the flow in the mold with equipped with a swirl blade seems to be directed more upward from the inlet instead of backard against the wall, as the velocity is much higher at the central plane in the mold with a swirl bladwe.
The Radial Velocity at the Surface
The radial velocity at the steel surface was also predicted as a function of the distance from the mold bottom, as seen in Fig. 12 . The highest radial velocity found for an inlet velocity of 1 m/s for the following cases where compared: i) reference without a swirl blade, ii) swirl blade positioned at a 250 mm distance from the inlet, iii) swirl blade positioned at a 500 mm distance from the inlet, iv) swirl blade positioned at a 750 mm distance from the inlet and v) an inlet angle of 15 degrees and a swirl blade positioned at a 750 mm distance from the inlet. In the reference case, the radial maximum radial velocity decreases from about 0.2 m/s at a distance 100 mm above the mold bottom to 0.13 m/s at a distance 300 mm above the mold bottom. It can also be seen that the trend as well as the velocity values for the three cases using a swirl blade at different positions from the mold inlet are very similar to the data found for the reference case. However, for the final case where a swirl blade is used in combination with an increased inlet angle the radial velocity values are higher in comparison to the other four cases. More specifically, the radial maximum radial velocity decreases from about 0.62 m/s at a distance 100 mm above the mold bottom to 0.27 m/s at a distance 300 mm above the mold bottom. Thus, the radial velocity is up to three times higher in comparison to the other four cases.
Conclusion
The aim of the current study was to study the possibilities to implement the use of a swirl blade in a runner channel in order to improve the filling conditions in ingot casting. Previous studies based on water model results have shown that it is very beneficial to use swirl in order to make the initial filling calmer. However, under the current industrial conditions it was only possible to place a swirl blade in the horizontal part of the runner channel. The plant trials © 2010 ISIJ were carried out in order to study if ceramic swirl blades could sustain the production conditions. The results showed that the ceramic material could withstand the high temperatures and that that ingot filling was not negatively influenced by the placement of a swirl blade in the runner channels. In addition, the refractory wear in the runner channels did not increase when using a swirl blade. Since the initial plant tests were successful, numerical simulations were carried out to more in detail determine the effect of a swirl blade on the filling conditions for the current plant conditions. The following specific conclusions may be drawn from this study:
(1) The plant trials showed that the use of a swirl blade resulted in a calmer filling compared to the reference molds without swirl blades. However, the calmer filling also resulted in a more uneven spreading of the mold flux.
(2) Modeling showed that the higher velocity at the entrance, the higher the hump height in the mold. The maximum hump height was 120 mm for the 1.25 m/s velocity, which is four times larger than the hump height 30 mm representing a 0.5 m/s velocity.
(3) Modeling showed that the diagrams the hump height is typically 10 to 20 % lower for the cases using a swirl blade compared to the case without a swirl blade. However, in the cases where a swirl blade was modeled it was seen that the positioning of the swirl blade in the horizontal part of the runner seem to have a small effect on the hump height.
(4) Modeling showed that when using a swirl blade and increasing the inlet angle from 6 to 15 degrees, the initial hump height can be decreased from 84 to 58 mm.
In the future, it is the research groups aim to carry out further trials using swirl in production in order to see how the initial filling conditions can be improved. More specifically, the influence of a swirl blade on mold powder consumption, hump height, etc will be studied more indepth.
